The human tripartite motif (TRIM) family comprises 70 members, including HIV restriction factor TRIM5␣ and disease-associated proteins TRIM20 (pyrin) and TRIM21. TRIM proteins have conserved domain architecture but diverse cellular roles. Here, we describe how the C-terminal PRYSPRY domain mediates diverse TRIM functions. The crystal structure of TRIM21 PRYSPRY in complex with its target IgG Fc reveals a canonical binding interface comprised of two discrete pockets formed by antibody-like variable loops. Alanine scanning of this interface has identified the hot-spot residues that control TRIM21 binding to Fc; the same hot-spots control HIV/murine leukemia virus restriction by TRIM5␣ and mediate severe familial Mediterranean fever in TRIM20/pyrin. Characterization of the IgG binding site for TRIM21 PRYSPRY reveals TRIM21 as a superantigen analogous to bacterial protein A and suggests that an antibody bipolar bridging mechanism may contribute to the pathogenic accumulation of anti-TRIM21 autoantibody immune complex in autoimmune disease.
The human tripartite motif (TRIM) family comprises 70 members, including HIV restriction factor TRIM5␣ and disease-associated proteins TRIM20 (pyrin) and TRIM21. TRIM proteins have conserved domain architecture but diverse cellular roles. Here, we describe how the C-terminal PRYSPRY domain mediates diverse TRIM functions. The crystal structure of TRIM21 PRYSPRY in complex with its target IgG Fc reveals a canonical binding interface comprised of two discrete pockets formed by antibody-like variable loops. Alanine scanning of this interface has identified the hot-spot residues that control TRIM21 binding to Fc; the same hot-spots control HIV/murine leukemia virus restriction by TRIM5␣ and mediate severe familial Mediterranean fever in TRIM20/pyrin. Characterization of the IgG binding site for TRIM21 PRYSPRY reveals TRIM21 as a superantigen analogous to bacterial protein A and suggests that an antibody bipolar bridging mechanism may contribute to the pathogenic accumulation of anti-TRIM21 autoantibody immune complex in autoimmune disease.
autoimmunity ͉ familial Mediterranean fever ͉ HIV ͉ TRIM21 ͉ TRIM5␣ T he tripartite motif (TRIM) family of proteins comprises 70 members in the human genome (1), including TRIM21 (Ro52). TRIM proteins are involved in diverse cellular processes, including cell proliferation, differentiation, development, oncogenesis, and apoptosis (1) . Within the TRIM family, an expanding group of proteins, TRIM1, TRIM5␣, TRIM19, TRIM22, and TRIM32, have also been shown to target retroviruses and prevent their replication inside cells (1) . The mechanism of viral restriction is not known, although different TRIMs appear to target different stages of the viral replicative cycle. TRIM5␣ mediates simian immunodeficiency virus restriction in primates by binding to viral capsid subsequent to cell entry but before reverse transcription (2) . Human TRIM5␣ similarly restricts N-tropic murine leukemia virus (3), but is defective against HIV. Targeting of viral capsid in both TRIM5␣ and TRIM1 is accomplished through a C-terminal PRYSPRY domain (1, 4) . A single mutation in the PRYSPRY domain of human TRIM5␣, R332P, is sufficient to confer HIV restriction (5) ; however, neither the capsid nor its related PRYSPRY binding sites have been defined. TRIM proteins are multidomain, so-called because of their N-terminal RBCC domains: a RING finger encoding E3 ubiquitin ligase activity (48), a B-box, and a coiled-coil domain mediating oligomerization; however, it is the C-terminal PRYSPRY domain that commonly determines function by acting as a targeting module ( Fig. 1 A and B) . Mutations in the PRYSPRY domains of several TRIM proteins are associated with disease susceptibility. TRIM20/pyrin mutations give rise to familial Mediterranean fever (FMF), whereas mutations in TRIM18/MID1 cause Opitz G/BBB syndrome (1) . Homologous PRYSPRY domains are found in 11 families in the human genome, including the butyrophilins (6) . Despite its widespread distribution, very little is known about the PRYSPRY domain or how it has evolved to mediate diverse functions in these proteins.
We chose TRIM21 as a model for understanding PRYSPRYmediated TRIM function. TRIM21 is a major autoantigen in autoimmune diseases such as rheumatoid arthritis, systemic lupus erythematosus (SLE), and Sjorgen's syndrome (7) (8) (9) . Anti-TRIM21 autoantibodies are diagnostic both of disease (10) and disease progression (11) , and a pathologic role for TRIM21:autoantibody immune complex has been shown (12) . TRIM21 is predominately cytoplasmic (13) but may relocate to the surface of cells during apoptosis (14, 15) . Intriguingly, TRIM21 has been shown to bind both normal serum IgG and anti-TRIM21 autoantibodies (16, 17) . Immunoprecipitation studies suggest that IgG binding is mediated by the PRYSPRY domain (18) , but how it targets IgG and how this might contribute to disease is not known.
We have determined the crystal structure of TRIM21 PRYSPRY bound to IgG Fc, revealing how TRIM PRYSPRY domains bind their target. The structure defines the canonical interface for the PRYSPRY superfamily and shows that, contrary to prediction, it is comprised of two discrete binding pockets. Alanine scanning reveals that conserved hot-spot positions within the interface dictate the function of TRIM20/ pyrin, TRIM5␣, and TRIM21. Finally, characterization of the IgG binding site of TRIM21 PRYSPRY suggests that anti-TRIM21 autoantibodies may undergo antibody bipolar bridging, preventing efficient immune complex clearance and contributing to pathogenic accumulation in disease.
Results

TRIM PRYSPRY Domains Have a Canonical Binding
Interface. The TRIM21 PRYSPRY:Fc complex was solved by molecular replacement in P61 to 2.35-Å resolution [supporting information (SI) Table 1 ]. TRIM21 PRYSPRY forms a single globular fold comprising a distorted ␤-sandwich of two antiparallel ␤-sheets similar to the ''PRYSPRY'' structure of sRFPL1, a protein of unknown function (19) and the SPRY domains of SOCS box proteins SSB and GUSTAVUS ( Fig. 1 C-E) . There are two TRIM21 PRYSPRY molecules per asymmetric unit, each of which binds to one chain of the Fc homodimer ( Fig. 2A) . The binding interface is formed by six extended loops that are analogous to the six CDR loops in antibodies and that we have labeled variable loops (VLs) (Fig. 1) . Sequence alignment of homologous PRYSPRY domains shows that these binding site loops define regions of hypervariability (Fig. 1B) . Conserved residues map to the hydrophobic core between the two ␤-sheets and to secondary structure elements, suggesting that TRIM PRYPSRY domains have a canonical binding interface and that new functions evolve by loop diversification. The location of the binding interface in TRIM21 is similar to the dimerization interface observed in sRFPL1 (19) . Based on their uncomplexed structure of GUSTAVUS, Woo et al. (20) predicted two SPRY interaction surfaces at opposite ends of the domain; however, neither surface matches the Fc binding site on TRIM21. The TRIM21 complex reveals that the six VLs create two distinct binding pockets, in contrast to predictions based on previous structures ( Fig. 2 B and C) (19) (20) (21) . These two binding pockets locate to the separate ''PRY'' and ''SPRY'' subdomains, suggesting that although they form a single interface and structural fold they may encode discrete functional units.
In TRIM21, the PRY subdomains form a binding pocket for the first Ig domain of Fc, C H 2, whereas the SPRY subdomains form a second binding pocket for the second Ig domain, C H 3 ( Fig. 2 B and C) . The PRY-encoded binding pocket is entirely novel and was not previously predicted, possibly because VL1 and VL6, from which it is comprised, constitute the most variable regions between PRYSPRY homologues. In TRIM21, residues from VL1 and VL6 create a pocket for C H 2 ␣-helix 310 -314 and for I253 from loop [243] [244] [245] [246] [247] [248] [249] [250] [251] [252] [253] [254] [255] [256] [257] [258] (Fig. 2 B and C) . I253 is one of six hot-spot residues identified by de Lano et al. (22) as critical for proteins that bind to the C H 2-C H 3 Fc interface. In addition to I253, TRIM21 binds to three other Fc hot-spot residues, namely H433, N434, and H435. The SPRY subdomain forms a large enclosed pocket in which residues from VLs 2-6 and ␤-strands 5 and 6 interact with Fc C H 3 residues from the two N-terminal ␤-strands and connecting loop [428] [429] [430] [431] [432] [433] [434] [435] [436] (Fig. 2 B and C) . Fc loop [428] [429] [430] [431] [432] [433] [434] [435] [436] penetrates deep into the binding pocket where apex residues H433 Fc and N434 Fc form a hydrogen-bond network with D355 TR (Fig. 2C) . Together, the PRY and SPRY binding pockets provide a complementary interface for IgG Fc with a shape complementarity score (Sc score) of 0.68, similar to protein A:Fc, which has a score of 0.66 [Sc scores were calculated by using the program Sc in CCP4 (23)]. This Sc number is normal for an IgG interface but not high when compared with dimeric interfaces (values are Ϸ0.75). A ring of nonpolar residues borders the interface to create a solvent-excluded hydrophobic surface with a buried surface area of 1,557 Å 2 .
TRIM21 and Fc Hot-Spot Residues Colocate. To determine which residues in the TRIM21 PRYSPRY interface are critical for binding, we mutated those whose side chains contact Fc. Each mutant was expressed and purified as with WT, its association and dissociation kinetics were determined by stopped-flow, and its steady-state affinity was measured by fluorescence anisotropy (SI Table 2 ). Fig. 3 shows that side-chain interactions from residues distributed across the interface contribute to binding.
Of the 13 mutants tested, H368A and Y328F increased binding by a ⌬⌬G of Ϫ0.9 and Ϫ1.6 kcal/mol, respectively. Mutant Y328A shows decreased binding (⌬⌬G ϭ 1 kcal/mol), suggesting that a side chain at this position is required for hydrophobic stacking but not hydrogen bonding. Why H368A increases binding is less clear, although it is structurally adjacent to Y328 and mutation to alanine may prevent the histidine competing with the position occupied by Y328 to provide a less suitable stacking partner. Four TRIM21 hot-spot residues (D355, W381, W383, and F450) are absolutely required for Fc binding, and mutation of any single residue effectively abolishes interaction (⌬⌬G Ն4 kcal/mol). These four residues are clustered at the center of the interface and contact the three Fc hot-spot residues in loop 433-436 (H433 Fc , N434 Fc , and H435 Fc ) (Fig. 4) . This colocalization of hot spots substantiates our proposal that interaction between Fc and TRIM21 is specific and conserved. Taken together with the crystal structure, these data reveal a hydrophobic pocket at the center of the interface in which both hydrophobic stacking interactions and a central hydrogen-bond network provide the energy for binding. A list of all TRIM21:Fc interactions is given in SI Data Set.
TRIM21 PRYSPRY Associates with IgG in a Single
Step with Fast Association Kinetics and High Affinity. Isothermal titration calorimetry (ITC) experiments show that binding of TRIM21 to IgG Fc occurs with high affinity (37 nM) and confirms a stoichiometry of two molecules of TRIM21 to one Fc fragment (Fig. 5A) . Measure- ment under different buffer conditions reveals that binding is salt-dependent but pH-independent. Varying the pH from pH 8 to pH 5 does not significantly affect binding; however, a 10-fold reduction in salt concentration from 200 to 20 mM results in a 5-fold increase in affinity, manifested in a decreased off-rate (data not shown). Binding of Fc by TRIM21 is therefore similar to superantigens protein A and G, in contrast to the pH-dependent binding of the neonatal Fc receptor FcRn and herpes simplex virus Fc receptor gE-gI (24, 25) . Binding is enthalpically driven (⌬H ϭ Ϫ20.6 kcal⅐mol Ϫ1 ) and entropically unfavorable (⌬S ϭ Ϫ102 cal⅐mol Ϫ1 ⅐K Ϫ1 ) which, together with a strongly negative (Ϫ900 cal⅐mol Ϫ1 ⅐K Ϫ1 ) ⌬C p (d⌬H/dT), can indicate that binding involves concomitant structural change (26).
To determine whether the TRIM21 PRYSPRY binding site is preformed or undergoes structural rearrangement we followed the presteady-state binding kinetics by stopped-flow, taking advantage of the quench in tryptophan fluorescence accompanying binding (Fig. 5B ). We measured a rapid monophasic fluorescence quench with a fast bimolecular association rate constant (k on ) of 3.5 ϫ 10 6 M Ϫ1 ⅐s Ϫ1 and a dissociation rate constant slower than 0.2 s Ϫ1 (the small value precluding more accurate measurement). This single bimolecular step suggests that both TRIM21 and Fc binding sites are preformed and that binding to one Fc site does not influence binding to the second.
The bacterial B cell superantigen proteins A and G produced by Staphylococcus aureus and Streptococcal species, respectively, have previously been shown to bind with high (nanomolar) affinity to the C H 2-C H 3 interface of Fc (27, 28) . We used the fluorescence-neutral binding of protein A to determine an accurate TRIM21:Fc dissociation rate constant in a chase experiment. Mixing preformed TRIM21:Fc complex (2.5 M TRIM21 and 1 M Fc) with excess (25 M) protein A in a stopped-flow gave a slow fluorescence enhancement corresponding to a k off of 0.13 s Ϫ1 (Fig. 5C ). Similar results were obtained with protein G but with a much smaller amplitude change (data not shown). This experiment confirms the structural prediction that TRIM21 competes for the same C H 2-C H 3 site as protein A/G. The bimolecular microscopic rate constants predict a steady-state affinity of 37 nM, similar to the K d determined by ITC experiments, confirming that TRIM21:Fc binding occurs in a single collision step. Together with the alanine scan data showing coalignment of hot spot to hot spot, these kinetic data support our hypothesis that Fc binding is both evolved and specific. The single binding step allows rapid association with Fc; fast association kinetics may be important in antiviral TRIM proteins such as TRIM5␣, which must associate with HIV capsid immediately before uncoating.
Discussion The PRYPSRY Domain Is a Versatile Modular Scaffold that Readily
Incorporates New Functions. The PRYSPRY domain is a common protein module found in 11 families in the human genome (6), including the functionally diverse TRIM family. Three structures of SPRY-containing molecules have been presented recently, revealing a compact ␤-fold similar to the galectins (19) (20) (21) . The TRIM21 PRYSPRY:Fc structure described here is a complexed structure involving the PRYSRY domain showing that it forms a canonical binding interface. Within this interface, the PRY and SPRY subdomains each encode a discrete binding pocket. We have classified six antibody-like VLs that determine this interface. Two of these VLs, VL1 and VL6, lie outside what is commonly considered the core domain (21), yet they play a critical role in TRIM21:Fc binding and greatly enhance the possibility of combinatorial diversity of the PRYSPRY binding site. The antibody-like binding site architecture of the PRYSPRY domain suggests that it is capable of binding targets ranging from small molecules and linear epitopes such as peptides to discontinuous conformational epitopes provided by proteins (as illustrated by the TRIM21:Fc structure).
Despite significant sequence variation, there are structural sim- ilarities between TRIM21 and the PRYSPRY domain of predicted protein sRFPL1 (Fig. 1C) . The main-chain conformations of binding site loops VL1-VL3 and VL5 closely align (C␣ rmsd Ϸ1 Å,) with only the hot-spot loops VL4 and VL6 showing significant variation (C␣ rmsd of 2 and 5 Å, respectively). Notwithstanding these variations, sRFPL1 recapitulates much of the topography of the Fc binding site of TRIM21 (SI Fig. 6 ). To test whether sRFPL1 binds Fc we expressed both the crystallized construct and a construct in which the C terminus that mediates dimerization is deleted. Neither construct bound to IgG or Fc as measured by ITC, gel filtration, or anisotropic fluorescence. This finding suggests that although the binding sites of sRFPL1 and TRIM21 are similar there are functionally significant differences. It is possible that TRIM proteins adopt a small number of canonical loop conformations analogous to antibodies. TRIM VL loop sequences are highly divergent, but they are constrained by the surrounding scaffold, which is well conserved. The VL1 loops of sRFPL1 and TRIM21 adopt very similar backbone conformations because of constraining interactions mediated by conserved loop-1 residues LDPXTA and VL1 residues RF(D). Alignment of all TRIM PRYSPRY domains (data not shown) reveals that Ͼ90% contain elements of this loop-1 consensus sequence, whereas most contain the VL1 consensus motif. Thus, we predict that the conformation of VL1 may be conserved in other TRIM PRYSPRY domains. In TRIM21, loop-1 consensus residues initiate a tight ␤-turn to create a loop apex around which VL1 lassoes. VL1 is held in place by consensus residue R324, which hydrogen-bonds with the main-chain oxygen of loop-1 A296 through its N atom and the peptide oxygen of P293 through its amino group. VL1 is further constrained against VL3 and ␤-strand 3 by consensus residues F325 and D326, respectively. Sequence alignment of the human PRYSPRY families reveals that the aspartic acid of the LDPXTA motif is preserved in 8 of 11 families (data not shown). PRYSPRY families from other species, such as Enterophilin, Stonustoxin, and Ohanin, also contain the core LDP and RF(D) motifs (data not shown). Conservation of these motifs suggests that a significant degree of structural homology can be expected in this region of the molecule. (29) . FcRn binds both to the C H 2-C H 3 interface and the C H 3 domain via an N-linked carbohydrate attached to N128 (29) . Rheumatoid factors (antiIgG antibodies commonly detected during rheumatoid arthritis) also bind the C H 2-C H 3 domain interface. However, the structure of a rheumatoid factor bound to Fc reveals that binding occurs with poor complementarity and uses only the very edge of the antibody combining site (30) . This adventitious interaction contrasts with TRIM21:Fc, in which all of the features of the binding interface suggest an evolved interaction. Binding to the C H 2-C H 3 interface is a feature of pathogen-derived B cell superantigens, such as protein A (31), protein G (32), and herpes simplex virus 1 gE-gI (33) . There are several physiological implications to binding in this way. First, as the C H 2-C H 3 interface is highly conserved, it facilitates binding by TRIM21 to Ͼ98% of circulating antibodies regardless of their antigen specificity. Second, the TRIM21 Fc-binding site likely does not overlap with the binding sites for Fc␥R and C1q. Thus binding of TRIM21 to nonautoantibody IgG probably does not inhibit Fc␥-mediated mechanisms such as antibody-dependent cellular cytoxicity and complement recruitment and is unlikely to be pathogenic.
Autoantibody Bipolar Bridging. TRIM21 is involved in several autoimmune diseases such as SLE. Although the pathogenicity of TRIM21:nonanti-TRIM antibody complexes has not been directly tested, we believe that such binding is unlikely to be pathogenic as TRIM21 is continually exposed to the immune system either after necrotic cell death or by locating to the outside of cells during apoptosis (14, 34) . Furthermore, TRIM21:serum IgG complex is likely to be cleared via complement and Fc␥ receptors. However, during autoimmune diseases such as SLE, anti-TRIM21 autoantibodies are generated whose Fabs bind epitopes in the RING and B-box domains of TRIM21 (35) . Based on our data, we predict that these autoantibodies will also bind to the PRYSPRY domain via their Fc. The simultaneous binding of both Fab and Fc, or ''antibody bipolar bridging,'' is a feature of pathogen superantigens protein A, protein G, and gE-gI (33, 36) . Proteins A and G possess multiple domains that permit binding both to the same region on Fc as TRIM21 and an additional epitope on the Fab. Antibody bipolar bridging is thought to occlude the binding site on C H 2 for Fc␥ receptor and complement, disconnecting antibody recognition and effector function and facilitating immune evasion. We propose that anti-TRIM21 autoantibodies undergo TRIM21-mediated bipolar bridging, resulting in their cross-linking and a similar block to Fc␥ receptor and complement interaction. TRIM21-mediated bipolar bridging could occur either in cis, a single IgG bound by a single TRIM molecule, or, more likely, in trans, the N terminus of one TRIM molecule interacting with an anti-TRIM21 autoantibody that is bound by the PRYSPRY domain of a second TRIM molecule. TRIM21 is trimeric, and each autoantibody has four potential binding sites, (two on the Fab and two on the Fc), therefore it is likely that the resulting cross-linked bipolar-bridged immune complexes form very large protein aggregates.
Autoantibody bipolar bridging could affect autoimmune pathogenesis in several ways. First, bipolar-bridged complexes may contribute to the pathogenic deposition of immune complex in SLE (37) . If formation of TRIM21 cross-linked autoantibody aggregates blocked the binding of Fc␥ receptor and complement, immune complexes would not be cleared from the serum, in contrast to TRIM21:nonautoantibody complexes. Second, bipolar-bridged autoantibodies associated with TRIM21 on the surface of apoptosing cells could inhibit cell clearance, for example by blocking access to so-called ''eat me'' signals on the cell surface (38) . This hypothesis could explain the defective clearance of apoptosed cells observed in diseased SLE mice (39) .
A Structural Explanation for TRIM5␣ and TRIM20/Pyrin Mutations.
Characterization of the PRYSPRY binding interface helps to explain many of the mutations known to affect function in diseaseassociated TRIM proteins. Mutations in TRIM5␣ PRYSPRY dictate viral restriction specificity and efficacy (40) , and on the basis of sequence variation between primates, four variable regions v1-v4 have been identified (4). These regions map closely to our VL definitions ( Fig. 1 B and D) , suggesting that they directly mediate interaction with viral epitopes. Human TRIM5␣ is defective in HIV restriction but effective against murine leukemia virus (MLV). Restriction is specific to the N-tropic form of MLV and depends on PRYSPRY residues E405 and E406 (41) . These residues map directly onto Fc-contacting residues in TRIM21 ( Fig. 1 B and E) . The ability to restrict HIV can be conferred on human TRIM5␣ by a single mutation, R332P (5). The TRIM21 structure shows that this residue locates to the unpredicted PRY binding pocket formed by VL1 (Fig. 1 B and E) and suggests that it is involved in capsid recognition.
TRIM20/Pyrin is a disease-associated TRIM protein in which PRYSPRY mutations are correlated with susceptibility to FMF (42) . Most of these mutations map onto the binding loops of TRIM21 (Fig. 1 B and E) . In particular, pyrin mutations in VL3-6 exactly map to critical Fc-contact residues in TRIM21. Of these, the VL3 and VL4 mutations (M680L, T681I, and M694V/ L/I) give rise to the most severe FMF symptoms described (43) . Mutations I692del and M694V/L/I map directly onto TRIM21 hot-spot residues W381 TR and W383 TR , whereas R761H is adjacent to hot-spot residue F450 TR . Thus TRIM21, TRIM5␣, and TRIM20/pyrin all share hot spots around position 383 TR , suggesting that it forms a conserved hot spot within the canonical PRYSPRY interface (Fig. 3) . Finally, pyrin has a diseaseassociated polymorphism (G632S) in VL1 that is structurally equivalent to mutation R332P in TRIM5␣, suggesting that it may also be a common hot-spot position. Together, these data suggest that TRIM PRYSPRY function is heavily influenced by a few conserved hot-spot positions.
In summary, PRYSPRY domains mediate diverse functions by high-affinity binding to their target through a canonical binding interface formed by six antibody-like VLs. We propose that diversification of these six VLs has driven the rapid evolution of PRYSPRY function. Within the TRIM family, conserved structural features and hot-spot positions within these loops dictate the binding of autoantigen TRIM21 to IgG Fc and the targeting of retroviral capsid by TRIM5␣ and determine disease severity in pyrin/FMF.
Materials and Methods
Protein Expression and Purification. TRIM21 and sRFPL1 PRYSPRY domain was expressed in BL21-derived cells under standard conditions (see SI Text for details) (44) .
Rapid Reaction Kinetics. Experiments were carried out largely as described (see SI Text for details) (44) . Data were collected at 30°C in an SX-18MV stopped-flow spectrofluorimeter (Applied Photophysics, Leatherhead, U.K.) using 1 M TRIM21 and increasing pseudofirst-order concentrations of Fc.
Titration Calorimetry and Fluorescence Anisotropy. Experiments were carried out largely as described (see SI Text for details) (45) . ITC experiments were carried out by using a VP-ITC (Microcal, Amherst, MA) with 10 M of TRIM21 in the cell and 60 M Fc in the syringe. Anisotropy experiments were carried out by using a LS-50b luminescence spectrof luorimeter (PerkinElmer, Wellesley, MA) on 1 M TRIM21 and increasing pseudofirst-order concentrations of IgG.
Crystallography. Data from complexed crystals were collected at European Synchrotron Radiation Facility beamline ID23-1 (Grenoble, France) and phased by molecular replacement using PHASER (46) . For a complete description see SI Text.
